Abstract-Under constant conditions, locomotor activity in about 50% of 63 adult Musca domestica continued to be rhythmic after bilateral severance of optic tracts or bilateral lobectomy. Apparently, the optic lobes of Musca do not contain the oscillator for rhythmic control of locomotor activity as has been proposed for other insects. In 20% of the individuals, several circadian components of activity rhythms were found after operation indicating a role of the optic lobes in the coupling of oscillators. The remaining 30% of the flies with severed optic tracts appeared to be arrhythmic. Most of these flies had vacuolized tissue in the central brain. However, disruption of rhythmicity did not correlate with a common pattern of degeneration. Therefore no conclusions can be drawn as to the localization of the circadian control of locomotor activity in the brain. Flies showing an arrhythmic activity pattern could still be synchronized by LD cycles. Activity did not occur solely during the light period as is the case in controls; but was phase delayed by about 6 hr towards the dark period. Since all flies with severed optic tracts could be synchronized by LD cycles, Musca domestica must possess extraocular photoreceptors.
'Production
Quite a number of studies of the physiology of msect circadian rhythms have focused on its <* n atomical localization (1, 2) . Nishiitsutsujiw o and Pittendrigh (3) presented evidence for ^e involvement of optic lobes of cockroaches ^eriplaneta americana and Leucophaea mader ® e ) in regulating the locomotor activity rhythm. hus, bilateral ablation of the optic lobes or Se ctioning of the optic tracts caused arrhythmiCl <y. The same operation, performed unilateralv , did not abolish the rhythms. These findings .
ay e been confirmed (4) (5) (6) and extended to other * ns ect species (Teleogryllus commodus\ 7, Gryllus bln *aculatus: 8, Carabus problematicus: 9). The re gion within the optic lobes controlling the ac tivity rhythm seems to be the lobula in the case °f cockroaches (1) and the lamina/medulla re §ion in the case of Gryllus (8) . In the cockroach Rythmic activity depends on the structural c°n nections between optic lobes: 4-8 wk after implantation new neural connections between optic lobes and midbrain were established and the rhythm restored. The period length was imposed by the donor lobe (6) . Regeneration of neural connections restores rhythmicity also in Gryllus (8) .
Results of parabiosis experiments in cockroaches (Periplaneta americana) and Acheta domestica (10) indicate, however, that the locomotor activity rhythm can be driven via a hormonal pathway. Apparently the brain can release a diffusible factor capable of driving circadian activity rhythms. At least in Acheta domestica (11, 12) and in Drosophila melanogaster (13, 14) this factor seems to be produced rhythmically by neurosecretory cells of the brain. In silkmoths both eclosion and flight activity are rhythmic and controlled by a circadian pacemaker in the cerebral lobes (15, 16) : ablation of the optic lobes did not disrupt rhythmicity.
Optic lobes seem to be dispensable for the expression of rhythmic locomotor activity in ^Author to whom reprint requests should be addressed.
Abbreviations: LL, continuous illumination with white light, RR, continuous red light; LD, light dark cycle; o , activity lrile ; p, rest time; a: p. , proportion of activity to rest time; r, period length; min, minute (s);d,day(s); wk, week (s).
Drosophila (17) , in the mosquito Culex pipiens (18) , and, as shown in the following, in house flies.
Materials and Methods
Experiments were performed on the house fly Musca domestica. The insects were reared in LD 16:8 at 25°C. The adult flies taken for the experiments were not older than 10 d.
Locomotor activity was monitored separately in each fly under RR at 20± 1°C (19) . Recordings were carried out for about 10 d before treatment. All arrhythmic animals were discarded; only those with clear circadian activity rhythms were used as experimental or control animals.
Experimental groups consisted of insects in which either both optic tracts were severed or both optic lobes were removed at different circadian times. During the operation which lasted usually 5-10 min, insects were exposed to cold fiber glass light of 6X10 4 lx. Controls were either sham operated or received illumination alone.
In order to transect the optic tracts the insect was mounted in soft plasticine and illuminated. The head was bent forward to facilitate access to the optic tracts through the rear part of the head capsule. The cuts were performed with a fine scalpel using two cuticular landmarks on the surface of the rear head capsule (Figure 1) . Lobectomy was performed after previously severing the optic tracts. Following this, the optic lobes were separated from the eye cup with a needle and then removed using fine forceps. In control flies all steps of operation were performed prior to severing the optic tracts. The wounds were sealed with wax (melting point 30°C).
After surgical treatment the activity of the insect was monitored for about two wk under RR and in some cases for a further wk under LD 12: 12 conditions. In order to see whether blind, but unoperated flies can be synchronized by a LD cycle, the complex eyes of some flies were covered with black wax and illuminated with different intensities. Activity records were analysed using different methods of time series analysis such as (a) To severe the optic tracts, a landmark between the central and peripheral area of the dorsal part was used, (b) The position of the brain and the path of the cut is shown through a window in the lower drawing. Modified after Straussfeld (36) .
periodogram, signal average, and comple* demodulation (20) . Activity levels were d? termined from the Esterline Angus recordings by assigning an activity score to each 20 min interval in units ranging from 0 (no activity) to ^ (hyperactive). To test the significance of tW results, nonparametric tests such as X 2 test* Mann-Whitney-[/-test, Wilcoxon test and Spearman rank correlation test were used (21)-
The position of optic tract severance w3* determined by histological examination. Afte f Postoperative locomotor activity the head was cu t off and mounted upside down on a paraffin bI°c k. The caudal wall of the head capsule was Amoved taking care not to destroy any major ner ve connections. The exposed brain was sta ined in situ for 10 min with Chicago blue ^solved in insect saline (22) . The stained brain w *s rinsed with fresh saline and then fixed for 3 ^r in Carnoy fluid. After dehydration the head Wa s embedded in paraffin, sectioned (10 jum), beared with xylene and embedded in Entellan (Merck) prior to microscopical examination.
Results
(1) Characteristics of locomotor activity rhythm ^n order to characterize the locomotor activity r hythm of Musca domestica, flies were recorded u nder LD 12 : 12, under RR and LL (1.8 Ix). Under all recording conditions no difference was found in the circadian behaviour of males and females. Under LD conditions activity was restricted to the light span, starting immediately after lights on and stopping immediately after ll 8hts off. The highest amount of activity °ccurred at the end of the light span. The Majority of flies (85%) showed unimodal activity Patterns under LD and shortened their activity time when transferred to free running conditions. Some flies (15%) sh'owed a bimodal distribution with some activity after lights on and a more pronounced peak before lights went off. After transfer to RR, only the second component persisted.
During the first few d of RR 70% of the flies had a period length of about 23 hr, which then increased to about 25 hr without further change. About 75% of all flies monitored showed clear free running rhythms. The remaining 25% of the flies were either arrhythmic or had a complex rhythm with more than one component as revealed by periodogram analysis. Under LL conditions (1.8 lx) 77% of the flies were hyperactive and appeared to be arrhythmic.
(2) Effect of optic tract severance on activity rhythm
Most of the flies with transected optic tracts had less defined activity rhythms after operation compared with the preoperative behaviour. This was due to increased mean activity levels (in 75% of all operated flies) and lack of clear rest time ( p) ( Table 1) . Changes were also observed in the activity patterns of operated flies. Three major types could be distinguished (Table 2) : about half of the operated flies showed a clear circadian Figure 2 ) or after lobectomy (see Figure 7a ). About 30% of the insects with both optic tracts severed and 20% of the lobectomized flies were arrhythmic (example see Figure 7c ). Complex rhythmicity was found in 20% of the flies with transected optic tracts (example see Figure 7b ) and in 30% of lobectomized animals. All sham operated and light pulsed insects were rhythmic. Among lobectomized animals, histological lamination revealed that in no case ablation w as complete. Small portions of the lamina and sometimes fragments of the lobula complex rer nained. However, these fragments had no connections with the brain and were completely dls organized (Figure 4b ).
(4)
Correlation between postoperative rhythms Qn d histological findings.
After recording the locomotor activity of °Perated flies their brains were carefully e *amined histologically in order to establish the Position of the cut and the degree of ^generation in the brain. No correlation was found between the position of optic tract Se verance and the percentage of flies exhibiting r hythmicity, complex rhythmicity or arrhythttiicity (Figure 5a ). However, these types of Postoperative behaviour were correlated with *he presence of vacuolized regions in the central brain ( Figure 5b ): The percentage of arrhythmic flies was significantly higher in group 1 ( Figure  5b ) with vacuolized regions in both lateral parts of the brain as compared to the other groups. All flies lacking vacuolized regions (group 5, Figure  5b ) were rhythmic. Of all arrhythmic flies 65% showed such degenerations within the brain. 30% of the arrhythmic flies had no such degenerated areas within the brain. However, these insects were extremely hyperactive (Figure 7d ) which makes the detection of rhythmicity in the actograms difficult.
Some flies with rhythmic postoperative behaviour had also vacuolized areas within the brain. However, these were minor as compared to those of arrhythmic flies and never occurred simultaneously on both sides of the brain within ventrolateral and posterior parts of the protocerebrum. Vacuolized areas were mainly located between these two parts of the brain in the rhythmic flies (Figure 4c ). In the case of flies exhibiting complex postoperative rhythmicity no correlation was found between degenerations and its localization within the brain.
(5) Characteristic of postoperative rhythms
After severing the optic tracts 25 of the rhythmic flies were recorded long enough to allow the precise analysis of their postoperative rhythms. This included determination and comparison of preoperative and postoperative period length (Table 3) and phase of the rhythmAlmost all flies lengthened period after the operation. This was, however, also found in flitf which were sham operated or illuminated only- Period lengthening was significant (a =0.01). Most treatments induced in addition a considerable phase shift. The change in period kngth was neither correlated with the circadian time at which the treatment was performed nor ^th the direction (delay or advance) and amount of phase shift induced by the treatment. There was a slight tendency in flies with shorter Periods to increase period postoperatively more than flies with longer postoperative periods (Spearman rank correlation coefficient r s =0.5).
The observed phase shifts were found to depend on the circadian time of the treatment ( Figure 6 ). No obvious difference between °Perated, sham operated and solely illuminated an imals was found. Since light was the only c°m mon factor in these three treatments, the observed phase shifts are light responses (and Figure 6 is a light pulse phase response curve).
(6) Effects of LD conditions flies with optic tr <*cts severed.
In order to check whether flies with severed k°P tic tracts were still able to react to the LD CVc le, locomotor activity was recorded in LD 12:
12 with a light intensity of 40 lx. All flies Strained. However, in flies whose histological lamination revealed a complete disconnection °f both optic lobes the activity period was out of Phase with the light period. Activity began during the second part of the light phase and c°n tinued until midnight. Examples are shown ln F igure 7.
Flies with eyes which had been painted black r eacted somewhat differently than those with !f v ered optic tracts at the light intensity of 40 lx. hese flies became also active during the second a tf of the light period but did not continue ac tivity until midnight. Instead activity stopped Mediately after lights off. When the light lnte nsity was lowered to 1 lx (Figure 8b ) they ^tended their activity time into the dark period, nu s showing a behaviour similar to the operated les at 40 lx. Even intact flies often shifted their ac tivit y to the second half of the light period, ^en light intensity was reduced to 10" 3 lx. Some le s free ran at this light intensity and in a few Ca ses signs of internal desynchronization were Served (Figure 8a ).
Discussion
Our findings can be discussed with respect to three questions: (1) Is the clock driving the locomotor activity of Musca (and probably other Diptera) located in the optic lobes as seems to be the case in cockroaches and crickets? Since this question has most probably to be answered with no, the next question is: (2) What is the role of optic lobes in the circadian system of house flies? And finally: (3) How is the circadian system of flies synchronized?
Throughout the discussion it is necessary to consider the possibility that the circadian system of Musca is composed of several oscillators. The main arguments for this were the occurrence of 'complex rhythmicity\ in which several rhythms were found in an actogram, the spontaneous change in period length of rhythmic flies, which occurs often some days after transfer to the free run conditions, and internal desynchronization which was observed in a few flies under a weak LD cycle. Similar observations have been made in other insect species (23) including flies (17, 24) .
Is the clock located in the optic lobe?
The main goal of this work was to clarify whether the optic lobes of the house fly were necessary for maintaining the locomotor activity rhythm. This is certainly not the case. Since 50% of the flies with completely severed optic tracts showed clear postoperative rhythmic activity, it is rather unlikely that the pacemaker is located in the optic lobes. At least, the expression of rhythmicity can not depend entirely on the existence of neural connections between the optic lobes and the midbrain as was postulated for cockroaches (25) and Gryllus (8) .
Since the optic lobes of the house fly contain neurosecretory cells (26, 27) , a hormonal factor controlling rhythmicity can not be ruled out by disconnecting the optic lobes from the brain. We performed therefore lobectomy in rhythmic flies and still found rhythmicity in 50% of them. Although fragments of optic lobe tissue were still present after lobectomy, they were completely disorganized and no neurosecretory cells were detectable with the staining methods used here.
The same was found in most of the flies with optic tracts severed.
It seems therefore that the pacemaker is located in the midbrain of the fly. In order to localize it more precisely we tried to correlate the postoperative behaviour of the flies with the histological appearance of their brains. We found that most arrhythmic flies had vacuolized areas in the brain after severance of both optic tracts. However, the exact location for the pacemaker could not be identified, because degenerations were located in different parts of the brain and varied from fly to fly. The observed degenerations within the brain might be due rather to destruction of the tracheal system supplying oxygen than to the severance of the optic tracts. This could explain the fact that in some flies with incomplete optic tract severance and sometimes in sham operated flies vacuolized areas were found in the optic lobes and in the midbrain. Damage of tracheal system might also be the main factor preventing regeneration of the severed optic tracts of flies. Regeneration of the connection between the optic lobes and the brain has been observed in the case of cockroaches (25) and Gryllus (8) .
To assertain that the fixing and staining procedures were not the cause of the observed vacuolisation, the same procedures were applied to brains immediately after optic tract severance. Neither in the brain nor in the optic lobes could any degeneration areas be detected in these cases ( fig. 4e) . Our results thus suggest that the optic lobes of the house fly are not necessary for maintaining the circadian rhythm of locomotor activity. This is in accordance with findings in the fruit fly in which mutations reducing the optic lobes in size to about 5% did not abolish the locomotor activity rhythm (28) and with recent findings of Kasai and Chiba (18) in Culexpipiens.
Role of the optic lobes in the circadian system of house flies
Although the optic lobes of house flies are not the site of the clock, it seems that they play a role in the oscillatory system of this insect. This conclusion is based on the postoperative behaviour of lobectomized flies and flies with optic tracts severed showing three major changes: (1) appearance of complex rhythmicity-(2) lengthening of the period of the rhythm and (3) increase in activity level.
Appearance of complex rhythmicity: mentioned already, a certain percentage of th c operated flies exhibit a complex activity patten 1 composed of different rhythms with differing period lengths (periodogram analysis). ^ Drosophila mutants with reduced optic lobes tW occurrence of such complex activity patterns $ more frequent than in the wild strain (17, 18) ' However, in Drosophila complex rhythrnicit) usually consisted of two components with period lengths of about 22 and 25 hr. There was no 1 , much interindividual variation in these periodsHouse flies with two or four componentshowever, lacked the regularity of period length of the Drosophila mutants. Nevertheless th* occurrence of complex rhythmicities do# support the view that more than one oscillator 15 involved in the expression of the overt rhythm 0 ' locomotor activity and that the optic lobes play 3 role in the mutual coupling (17) .
Lengthening of the period of the rhythm period lengthening was observed in all group Increase in activity level: an increase in activity ' ev el has been observed in several insect species af ter different surgical treatment (3, 31, 32) . In th c case of crickets (32, 33) an increased level of Locomotor activity seems to be due to a disturbance in the functioning of neurosecretory cells. Neurosecretion liberated rhythmically from the brain has an inhibitory effect on the lo comotor activity of the insect (33, 12) . It is Possible, that in house flies severance of the optic tr acts causes a disturbance in the normal Unction of the neurosecretory cells. This Possibility is now under investigation.
^hotoreception and entrainment
Contrary to the situation in Drosophila P Se udoobscura (34) the circadian rhythm of the Locomotor activity of house flies seems to be ^ite sensitive to light. Substantial phase shifts of U P to 12 hr were found after a single exposure to 5 mi n of white light. A tentative phase response CUr ve is shown in Figure 6 , but needs further w°r k. Both, phase advances and delays were f ound.
Under LD conditions flies are entrained and a ctive during the light period. Some flies show a bl modal activity as already observed by Parker ^5) and, for Drosophila pseudoobscura, by Mack ^4). Painting the complex eyes black suppresses a ctivity in the first part of the light period ( Figure  " ) and in cases of bimodality the first activity P ea k is missing. In any case flies with covered COr npound eyes as well as operated flies were still s ynchronized by LD cycles suggesting that the COr npound eyes are not the decisive photoreceptor s for the oscillatory system controlling a ctivity. However, the compound eyes seem to be ^sponsible for the occurrence of the activity ^e a k immediately after lights on. Operated flies began activity at about midday as did flies with eyes painted black, but extended activity into the dark period. Their activity time was therefore much longer than that of flies with black painted complex eyes. This increase in activity time might have been caused by a weakened coupling of normally more tightly coupled oscillators. A tight coupling results in a distinct and narrow band of activity. If the coupling were loosened the activity pattern would lose its distinct onset and end and widen. If coupling were further decreased, several rhythms might occur. Finally, with even less coupling, arrhythmicity would occur. A widening of the activity pattern was observed in some of the flies with covered eyes if light intensity was reduced ( Figure 8b ). Under these circumstances, the Zeitgeber is apparently not strong enough to synchronize all components of the oscillatory system. Some flies with covered complex eyes and even some normal flies under very low light intensities showed internal desynchronization ( Figure 8a ). Leaving speculation aside, our most important result is the fact that even arrhythmic and hyperactive flies can be synchronized to LD cycles. This is probably not a direct response to light, but indicates the participation of an endogenous clock. Otherwise we would expect activity to begin immediately after light on. If this reasoning is correct, even overt arrythmic flies would possess a clock. However, its amplitude was too weak to maintain a clear rhythm under continuous RR. Or, alternatively, the internal coupling between the oscillators was not strong enough to bring about a distinct activity pattern in RR or DD. An external Zeitgeber, however, was able to synchronize the oscillators.
The photoreceptor for synchronization of blind flies is not yet known. We are planning to determine the action spectrum of phase shifting light pulses in blind house flies and blind mutants of Drosophila.
